Components of human diets may influence the incidence of colorectal adenomas, by modifying exposure or susceptibility to DNA-damaging alkylating agents. To examine this hypothesis, a food frequency questionnaire was used to assess the diet of patients recruited for a case-referent study where biopsies of normal colorectal mucosa were collected during colonoscopy and subsequently analysed for DNA N7-methylguanine (N7-MeG) levels, as an indicator of exposure, and activity of the DNA repair protein O 6 -alkylguanine DNA-alkyltransferase (MGMT), as an indicator of potential susceptibility. Cases with histologically proven colorectal adenomas (n 5 38) were compared with referents (n 5 35) free of gastrointestinal neoplasia. The case group consumed significantly more red meat (4.5 versus 3.4 servings/week, P < 0.05), processed meats, (4.7 versus 3.2 servings/week, P < 0.05) and % food energy as fat (34.9 versus 30.7%, P < 0.001). N7-MeG [mean: 95% confidence interval (CI)] levels were significantly lower in the group that consumed the highest proportion of dietary fibre/1000 kcal in comparison with the group with the lowest intake (0.61; 0.35-0.86 versus 1.88; 0.88-2.64 mmol/mol dG, P < 0.05). N7-MeG levels were also inversely associated with folate consumption (P < 0.05). MGMT activity (mean; 95% CI) was significantly higher in the group with the lowest consumption of vegetables than in the group with the greatest vegetable consumption (7.02; 5.70-8.33 versus 4.93; 3.95-5.91 fmol/mg DNA, P < 0.05). Our results are consistent with the hypothesis that dietary factors may modify exposure or susceptibility, respectively, to DNA damage by alkylating agents.
Introduction
Recent reviews have highlighted a number of dietary factors including the consumption of red and processed meats that are associated with colorectal cancer (CRC) risk (1, 2) . The impact of food and nutrients on CRC risk may involve protection both against initiation and the promotion of initiated cells. CRC generally develops from normal colorectal mucosa via the formation of a benign adenoma (3) . Increasing adenoma size may be associated with the acquisition of mutations in the K-ras gene, most usually a GC-AT transition (4) . Although these changes are observed in only 10% of adenomas ,10 mm in size, they occur in $50% of large adenomas (!10 mm) and a similar percentage of CRC (5) . The causes of these mutations are unclear but they are a common occurrence in the experimental induction of colon tumours by methylating agents such as 1,2-dimethylhydrazine (6) .
Methylating agents generate a number of different DNA base modifications, the most abundant of which is N7-methylguanine (N7-MeG) (7) . N7-MeG can act as a useful biomarker of exposure to methylating agents because it is repaired relatively slowly and is considered unharmful to the cell (8) . In contrast, O 6 -methylguanine, (O 6 -MeG), although less abundant, is the predominant mutagenic lesion, resulting in GC-AT transition mutations (9) . Interindividual variation in O 6 -MeG levels is large, being at least 10-fold (10, 11) , and there is evidence to suggest that elevated O 6 -MeG levels occur in the regions of the large bowel where most neoplasms occur i.e. the sigmoid colon and rectum (11) . O 6 -MeG can be repaired by the DNA repair protein, O 6 -alkylguanine DNA-alkyltransferase (MGMT). Interindividual variation in MGMT activity in normal human colon tissue has been reported to be between 2-and 18-fold (12) and colorectal tumours often occur in regions of low MGMT activity (13) . Low MGMT activity in normal colorectal mucosa has been associated with the occurrence of GC / AT transition mutations in the K-ras oncogene of CRC (14) . In human primary tumours, S-adenosylmethioninemediated bio-methylation of CpG dinucleotides in the CpG island of the promoter region of the MGMT gene is a common event (15) . Such methylation has been associated with both reduced MGMT expression and an increased frequency of GC / AT transition mutations in K-ras and in p53 in colorectal tumours (16) (17) (18) (19) (20) (21) . Reduced MGMT activity in adenomatous tissue has been causally associated with the presence of these K-ras GC / AT transition mutations in adenomas (22) .
We recently carried out a case-referent study of patients with and without colorectal adenomas to further investigate exposure and susceptibility to methylating agents within the large bowel (23) . Levels of N7-MeG in colorectal DNA were similar in cases with colorectal adenomas and in referents free of gastrointestinal neoplasia but MGMT activity was increased in the normal mucosa of cases (23) . In a subset of these subjects, information was collected on the dietary intake of these patients and used to assess dietary variation in this population and whether variation in levels of DNA N7-MeG and MGMT activity was associated with varying consumption of foods or nutrients, particularly meat, fibre and vegetable intake.
Methods
Details of the study population and the methods used to obtain tissue biopsies have been previously reported (23) . Briefly, consenting subjects resident in the Manchester area of England underwent flexible endoscopic examination of the colon and rectum on clinical grounds. Cases were patients newly identified with colorectal adenomas, confirmed histologically by a consultant pathologist. Referents were patients undergoing the same procedures with no adenomas on complete colonoscopy, who had no history of gastrointestinal neoplasia, were age (within 5 years) and sex matched to the case. Typically, referents had a normal colon and rectum or diverticulosis or a functional bowel disorder i.e. no colonoscopic abnormality but symptoms such as irritable bowel syndrome, clinically attributable to the large bowel.
Polyps were treated endoscopically by electrocautery snare or fulguration as determined clinically. No DNA was available from polyps fulgurated by electrocautery. In patients with polyps, mucosal pinch biopsies were also taken $2 cm away from the base of the polyp. Tissue samples from the referents were taken from the same large bowel subsite as the matched case. Biopsies were snap frozen and stored at À80°C until an MGMT assay was performed or DNA extracted. Human tissue samples were obtained, with the approval of the Local Research Ethics Committee (reference number ERP/97/139) and in accordance with UK ethical guidelines for work with human subjects, as has been described previously (23) . All case-referent matching was performed before samples were assayed.
avoid the possible effect of variable protein content on apparent MGMT activity expressed per unit protein.
N7-MeG analysis
Genomic DNA was extracted from colorectal mucosal biopsies using the Qiagen genomic DNA extraction kit (Qiagen, Crawley, UK) except that the proteinase K and ribonuclease A digestion was carried out overnight at 4°C, followed by 1 h at 37°C. The levels of N7-MeG in the DNA of colorectal mucosa were measured using an immunoslot blot technique (24) .
K-ras mutation analysis Adenoma DNA was extracted from paraffin tissue blocks and screened for K-ras codon 12 and 13 mutations via a restriction endonuclease site mutation assay (25) . The sequence of all detected mutations was determined using an Amplification Refractory Mutation System (Elucigene, Zeneca diagnostics, Alderley Edge, Cheshire, UK) following the manufacturer's recommendations.
Dietary analysis
Following colonoscopy, the clinician issued a food frequency questionnaire (FFQ) to patients judged able to complete it and who either had confirmed adenoma or were probably to act as matched controls. The FFQ devised for this study was based on an FFQ used for the UK Women's Cohort Study (Nuffield Institute for Health, University of Leeds, 1995) and a related FFQ used in Manchester for subjects with diabetes (Department of Clinical Epidemiology, University of Manchester). Additional food items from the Adult Nutrition Survey (26) and the 1996 National Food Survey (27) were used in compiling the FFQ, which was completed and returned by the patient. Questions enquired about the average frequency of consumption of 164 foods and drinks during the previous year, with a range of up to 10 response options varying from 'never' to 'more than six times per day'. Additional questions were listed to ascertain the use of spreading and cooking fats, added sugar, other regularly consumed foods, special diets, changes in diet, use of food supplements and self-reported height and weight. A nutrient database was compiled using 'Microdiet' ('Microdiet 8.08' University of Salford, Salford, UK) with portion sizes derived from published data (28) , from data compiled for the Manchester diabetes study (29) and from limited data in the questionnaire.
Statistical analysis
Responses on the FFQ were used to estimate the average number of servings of foods and drinks consumed per week by each respondent. The nutrient database was applied to estimate daily intakes of a range of nutrients. Possible additional intake of nutrients from food supplements was not included. Calculations were used to estimate the proportions of protein, fat, carbohydrate, fibre and micronutrients in relation to energy intake. Reported height and weight were used to calculate body mass index (BMI). Data entry and calculations were undertaken without knowledge of the case-control status of the subjects.
Dietary data were analysed on all patients who returned FFQ and were eligible for the case-referent study (104/72% of issued questionnaires); of these, 73 were matched in the case-referent study (43% of the study group of 85 matched pairs), including 18 matched pairs (paired group). Comparisons were made between the cases and referents for estimated mean consumption of servings of foods per week and estimated nutrient intake per day; the MannWhitney U-test was used to test the magnitude of these differences in the paired group, comparisons were examined by using the paired t-test. Additionally, the case group was subdivided to explore dietary differences between those cases with large (n 5 27) or small polyps (n 5 11) and between those with large polyps either with (n 5 8) or without (n 5 11) K-ras GC-AT transition mutations.
Mean N7-MeG levels and MGMT activity were available for patients included in the case-referent study who were allocated into three groups according to food consumption/nutrient intake with Tertile 1 (T1) representing the lowest third of intake and Tertile 3 (T3) the highest. As all nutrients (except alcohol) increased in relation to energy intake, nutrient intakes were calculated as proportions of total energy or as density per 1000 kcal. Where there appeared to be variation in N7-MeG and MGMT in relation to food or nutrient intake, the Mann-Whitney U-test was used to examine the variation between T1 and T3. Spearman's correlation analysis was used to examine associations between the consumption of the chosen food groups.
Results

Study population
Results are presented for the 73 patients who returned dietary questionnaires and were included in the case-referent study, characteristics of the groups are reported in Table I . Significant differences in age were only apparent in the groups compared by size of polyp (P , 0.001). Although the estimated mean BMI of the groups was more than the maximum recommended BMI for individuals of 25 (30), there was no significant difference in the BMI of the case and referent groups.
The incidence of moderate alcohol consumption (defined here as no .2 Â 8 g U/day for females and 3 Â 8 g U/day for males) was similar for the case and referent groups. Alcohol consumption was more prevalent in cases than referents (P 5 0.05). Further analysis of alcohol consumption showed that although mean alcohol consumption in the 'moderate' group was 7.3 ± 5.0 g/day (equivalent to slightly ,1 U/day), mean consumption of alcohol in the 'high' group was 49 ± 27.2 g/day, .6 U (Â8 g)/day and providing a mean of 13.9% of total energy intake. Only those who reported alcohol consumption were included in subsequent measurements of alcohol intake.
Dietary differences between cases and referents
The case group reported a significantly greater consumption of both red and processed meat when compared with the referent group with a mean intake of more than one extra serving of these meats per week (Table II) , a similar variation was evident in the paired group. Mean consumption of processed meats in the cases with small polyps was significantly greater than in the cases with large polyps (P , 0.05) and almost twice as high as in the referent group (6.1 ± 2.5 versus 3.2 ± 2.1 servings/week, P , 0.001). There were no significant differences in the consumption of eggs, milk, fruit, vegetables and bread and cereals between the referent and case group and between the groups classified by size of polyp. However, there was a significantly lower consumption of both fruit and vegetables in the small group with GC-AT transition changes in the K-ras gene when compared both with the group with large polyps but no transition changes (vegetables 10.0 ± 2.7 versus 21.0 ± 15.2 servings/week, P , 0.05, fruit (Table III) , total energy intake was similar for the referent and case groups. Significant variation was found in the contribution of fat and carbohydrate to total food energy. The proportion of fat:total energy was 34.9% in the case group compared with 30.7% in the referent group (P 5 0.001), with a similar difference in the paired groups (P , 0.05). Conversely, the estimated mean contribution of carbohydrate to total energy was significantly higher in the referent group than the case group (52.1 versus 48.1%, P , 0.05). There were no significant differences between the referent and case groups in the estimated mean intake of other nutrients examined, except for vitamin C intake that was significantly higher in the referent group than the case group (139 ± 109 versus 104 ± 68 mg, P , 0.05) and in the paired group (125 ± 52 versus 97 ± 75 mg, P , 0.05). When compared with the K-ras-negative group, the K-ras-positive group had a significantly lower mean intake of carotene (1954 ± 495 versus 4048 ± 2575 lg, P , 0.05).
Association between dietary factors and N7-MeG levels
Measurements of N7-MeG were available for 60 people; although the mean was 1.08 lmol/mol dG [95% confidence interval (CI) 0.73-1.42], distribution was highly skewed with a median of 0.65 lmol/mol dG. Comparisons of mean levels of N7-MeG in relation to increasing consumption of foods and nutrients are shown in Table  IV . Significant variation was found in relation to increasing proportions of fibre in the diet (i.e. gram fibre per 1000 kcal of food energy). N7-MeG levels were lowest in the most fibre-dense tertile group (T3) and highest in T1 (least fibre-dense group) with mean (95% CI) N7-MeG levels being 0.61 (0.35-0.86) and 1.88 (0.88-2.64) lmol/mol dG, respectively (P , 0.05). A similar contrast was found when only the paired FFQ groups were included, (N7-MeG levels in T1 and T3 were 2.54 (1.04-4.04) and 0.53 (0.14-0.93) lmol/mol dG, Dietary variables associated with N7-MeG levels and MGMT activity in human colorectal mucosa respectively (P , 0.05, result not shown). Folate/1000 kcal was also negatively associated with N7-MeG with levels in T1 and T3 being 1.76 (0.93-2.59) and 0.72 (0.39-1.05) lmol/mol, respectively (P , 0.05) with a similar trend in the paired group. In addition to fibre and folate, the lowest mean values of N7-MeG were associated with the highest consumption of calcium, carotene and iron per 1000 kcal (Table IV) . No significant trends were found between mean N7-MeG and the consumption of meats, vegetables and alcohol.
Associations between dietary factors and MGMT activity Mean MGMT activity was 6.10 fmol/lg DNA (95% CI 5.35-6.85). Although mean MGMT activity was found to decrease in relation to increasing consumption of processed meat and alcohol, the variation was not statistically significant. In contrast, mean MGMT activity varied significantly in relation to vegetable consumption. In the tertile group with lowest consumption of vegetables, mean (95% CI) MGMT activity was 7.02 (5.70-8.33) fmol/lg DNA compared with 4.93 (3.95-5.91) fmol/lg DNA in the highest tertile (P , 0.05). There was also a significant difference in MGMT activity between the lowest and highest tertile groups of fat consumption but there was no trend across the three groups (Table IV) .
Discussion
The principal aim of this study was to examine the associations between diet and biomarkers of exposure (N7-MeG) and susceptibility (MGMT activity) in colorectal tissue. To specifically obtain the target tissue, the study population were subjects attending a colonoscopy clinic for symptom investigation. It is possible that these symptoms may have affected both patterns of food consumption and absorption and could result in diet histories at variance with the general population. Although the respondents were aware of whether they had a diagnosis of colon adenoma when completing the questionnaires, they were unaware of the foods and nutrients of focus in the study and also to the outcome of the analysis of the colon mucosa and polyp specimens.
A FFQ was used to obtain dietary information and there was evidence of dietary differences between the case and the referent groups. In particular, cases reported more frequent consumption of both red and processed meats when compared with the referents. These results are consistent with recent reviews indicating both red and processed meats as probable risk factors for CRC (1, 2) suggesting that the FFQ may in this population be capable of detecting known risk factors. Frequency of alcohol consumption was higher in cases and was also high in relation to recommended guidelines (31) and may have been a contributory factor. Dietary differences were also identified in the subgroup analysis (polyp and K-ras mutation groups). These are based upon small numbers and may have occurred by chance: a larger study did not find significant differences in fruit and vegetable consumption in groups with and without K-ras mutations (32) .
FFQs have limitations as has been described previously (33) . Information was requested on food intake in the previous year and no evaluation was made of whether this was representative of patterns of food consumption during the overall time period during which the adenoma or biomarkers may have developed. In this study, we compared the consumption of servings of food rather than estimating quantity of food (although the latter process was used to estimate nutrient intake). Mean and median intake of all meat and poultry dishes was just over nine servings/week; assuming an average portion size of 100 g, this compares well with a figure of 939 g for meat and meat products including poultry from 1996 National Food Survey in the north west region, excluding meals eaten out (27) . Lengthy lists of vegetable and fruits (40 items) in this FFQ may have been responsible for the likely overestimate of frequency of consumption with mean intakes close to the recommended five (Â 80 g) servings/day but well above the mean estimated national intake from the National Food Survey of just over three servings/day. Although energy intake in this survey was similar in the case and referent groups, the FFQ appears to have resulted in an overestimate of energy intake in relation to the likely requirements of this age group (34) . However, the probable errors from the FFQ will have applied both to the case and referent groups and internal comparisons may therefore retain validity.
Comparison of mean DNA N7-MeG levels in relation to dietary intake showed that where the proportion of fibre in relation to total energy intake was low, mean N7-MeG levels were significantly greater than where the diet was proportionately higher in fibre content. A similar trend was found in relation to the proportion of folate/ energy; the correlation between the intake of fibre and folate was high (Spearman's correlation r 5 0.79), so it is unclear whether variance in fibre or folate was most strongly related to the variance in mean N7-MeG. Further work would be needed to establish whether either or both of these nutrients may offer protection against DNA damage by methylating agents. However, an inverse association between dietary fibre and DNA adducts would be consistent with hypotheses linking fibre to reducing carcinogen exposure within the large intestine (35) . There are few reports of associations between dietary factors and alkyl DNA adduct levels in humans. O 6 -MeG levels in white blood cells were higher in those workers who ate grilled or broiled meat or fish at least once per week (36) . O 6 -carboxymethylguanine levels in exfoliated colon cells have been associated with diets high in meat, although this effect was modified when dietary fibre increased (37) .
Factors affecting MGMT activity are still poorly understood. There is increasing evidence to suggest that MGMT activity is associated with specific gene polymorphisms (37) but while MGMT activity can be manipulated in animal models by a wide variety of treatments, including ethanol or amino acid-deficient diets (38, 39) , the relevance of this to humans is unclear. In the previously reported findings (23) , levels of MGMT activity in normal tissue were found to be significantly higher in the case group than the referent group, particularly in the group with large polyps and those with a GC / AT transition mutation in the K-ras gene. Here, variation in MGMT activity in comparison with vegetable consumption was noted. In the British population, there is considerable variation in both fruit and vegetable consumption (40) , which was replicated in our study population. Further study is needed to see whether the observed variation in MGMT activity in relation to vegetable consumption is a replicable finding.
A fully developed understanding of the role of diet in the pathogenesis of colon adenoma and CRC has the potential to offer important public health benefit since diet is modifiable. There is increasing evidence to suggest that alkylating agents may play a role in the aetiology of at least a subset of colorectal tumours. Our results suggest that dietary factors may influence both exposure and susceptibility to alkylating agents. However, given the small size of the study population, further work is required to replicate these findings and to elucidate whether diets that are rich in fibre and/or folate will provide protection from methylating agent-induced DNA damage. 
